
ORIGINAL ARTICLE

Overexpression of Cannabinoid CB2 Receptor in the Brain Induces

Hyperglycaemia and a Lean Phenotype in Adult Mice
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It is well known that the endocannabinoid system (ECS) has an

important role in the main aspects of energy homeostasis (i.e. food

intake, energy expenditure and glucose and fat metabolism),

orchestrating all the machinery in order to balance body weight

and maintain an adequate storage of fuel (1). Furthermore, it is

well established that signalling through the ECS is altered in patho-

logical conditions such as obesity, type 2 diabetes and the meta-

bolic syndrome (2–4). All these previous studies have demonstrated

the cannabinoid CB1 receptor to play a role in both normal and

pathological conditions associated with energy balance. However,

the putative contribution of cannabinoid CB2 receptor to energy

balance and metabolism is less understood.

Cannabinoid CB2 receptors were first described in immune system

cells, being involved in modulating immune responses (5). However,

subsequent analysis revealed that this receptor is also expressed in

organs controlling metabolism such as the liver (6), adipose tissue (7),

skeletal muscle (8) and the endocrine pancreas (9, 10). In keeping,

changes in their expression have been reported in obesity in both the

liver and the adipose tissue (11), and CB2 specific activation potenti-

ated inflammatory markers, insulin resistance and liver steatosis in
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It is well known that the endocannabinoid system, through cannabinoid CB1 receptor activation,

has an important role in the main aspects of energy balance (i.e. food intake, energy expenditure

and glucose and fat metabolism), orchestrating all the machinery involved in body weight con-

trol and energy homeostasis. A number of studies have revealed a crucial role of brain CB1

receptors in these processes. However, functional cannabinoid CB2 receptors have also been

described in the brain, with no studies addressing their putative role in body weight control and

glucose homeostasis. We have tested this hypothesis by analysing fasting-induced feeding, body

weight, some hypothalamic neuropeptides, glucose tolerance and plasma hormones in an animal

model specifically overexpressing CB2 receptors in the cetnral nervous system. We found that

specific overexpression of CB2 receptors in the brain promoted higher basal glucose levels,

decreased fasting-induced feeding and, eventually, led to a lean phenotype and glucose intoler-

ance. These findings could not be attributed to decreased locomotor activity, increased anxiety

or depressive-like behaviours. The expression of relevant neuropeptides such as pro-opiomelano-

cortin and galanin in the arcuate nucleus of the hypothalamus was altered but not those of the

CB1 receptor. Indeed, no changes in CB1 expression were found in the liver, skeletal muscle and

adipose tissue. However, cannabinoid CB1 and CB2 receptor expression in the endocrine pan-

creas and glucagon plasma levels were decreased. No changes in plasma adiponectin, leptin,

insulin and somatostatin were found. Taken together, these results suggest a role for central

cannabinoid CB2 receptors in body weight control and glucose homeostasis.
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obese mice, whereas its blockade did the opposite (11). Indeed, animals

genetically lacking the CB2 receptor in the whole body have been

reported to increase food intake and body weight with age, unexpect-

edly displaying less insulin resistance and inflammatory markers than

the wild-type (WT) (12). These mice lacking the CB2 receptor were also

more resistant to the development of diet-induced obesity (12).

Interestingly, the cannabinoid CB2 receptor has been also

detected in several brain areas, such as the brainstem, cerebellum,

cortex and hippocampus (13, 14). At least at the brainstem level,

these receptors have been shown to be functional, being involved

in the inhibition of emesis (13). However, the putative role of cen-

tral cannabinoid CB2 receptors in modulating body weight and glu-

cose homeostasis has not yet been explored. In a first approach to

this issue, we developed a genetically-modified animal model that

overexpress the CB2 receptor in the central nervous system (CNS)

and analysed several parameters related to food intake and glucose

handling. Briefly, we found that overexpression of CB2 receptor in

the brain, including areas typically involved in energy homeostasis,

promoted hyperglycaemia, decreased fasting-induced feeding and

eventually led to the development of a lean phenotype that could

not be attributed to behavioural alterations, with concomitant

hyperglycaemia and decreased glucose tolerance. Indeed, central

cannabinoid CB2 receptor overexpression decreased the expression

of relevant neuropeptides such as pro-opiomelanocortin (POMC)

and galanin in the arcuate nucleus (ARC) of the hypothalamus and

had no impact on metabolic plasma hormones such as adiponectin,

leptin, insulin or somatostatin. However, we detected a decrease in

plasma glucagon levels and CB2 receptor expression in the endo-

crine pancreas. Taken together, these results suggest a role for cen-

tral cannabinoid CB2 receptors in energy homeostasis.

Materials and methods

CB2xP mice generation and characterisation

Adult male mice overexpressing cannabinoid CB2 receptors (CB2xP) and WT

littermates were used in all experiments. Transgenic mice overexpressing the

murine CB2 receptor were developed in Dr J. Manzanares¢s laboratory, as

described previously (15). These transgenic mice were generated by using a

murine PrP promoter that is specifically expressed in neurones and glial cells

(16). Male Swiss albino ICR mice (WT) were purchased from Harlan (Harlan,

Barcelona, Spain). The CB2xP mice and WT mice used in a given experiment

originated from the same breeding series and were matched for age and

weight. Mice were maintained under a 12 : 12 h light ⁄ dark cycle (lights on

08.00 h) at a constant temperature of 21 � 2 �C and 55 � 5% relative

humidity, with free access to food and water. All experimental procedures

were carried out according with the highest standards of animal care, moni-

toring health, and minimizsing pain and suffering, in accordance with the

European Community Council Directive of 24 November 1986 (86 ⁄ 609 ⁄ EEC)

and Spanish national law on the care and use of laboratory animals. CB2

gene expression in discrete brain areas and behavioural characterisation of

CB2xP versus WT was performed as described previously (17, 18).

Immunohistochemistry

The presence and relative abundance of CB1 and CB2 receptors in the hypo-

thalamus, skeletal muscle (abdominal), liver, visceral white adipose tissue

and pancreas from WT and CB2xP mice (n = 5 mice each group) was analy-

sed by immunohistochemistry and densitometry. These tissues were fixed in

4% paraformadehyde in phosphate-buffered saline (PBS) by immersion,

dehydrated and embedded in paraffin. Tissue blocks were cut into 5 lm-

thick sections using a Microm HM325 microtome (Microm, Walldorf, Ger-

many). To obtain matched immunohistochemistry from both genotypes, two

replicates from two samples (each sample belonging to different group)

were mounted on the same glass slide. Sections were dewaxed, washed sev-

eral times with PBS, and incubated in 3% hydrogen peroxide in PBS for

20 min in the dark at room temperature to inactivate endogenous peroxi-

dase. After three washes in PBS for 5 min, antigen retrieval was achieved by

incubating in sodium citrate (pH 9) for 5 min at 80 �C. A background

blocker solution containing 10% donkey serum, 0.3% Triton X-100 and 0.1%

sodium azide was used to incubate the sections for 1 h, which was followed

by incubation overnight at room temperature with the primary anti-

body : rabbit polyclonal CB1 and CB2 antibody (diluted 1 : 100 and 1 : 50,

respectively; ABR catalogue no. PA1-745 and PA1-746A; Affinity Biore-

agents, Golden, CO, USA). Antibody specificity was assessed by immuno-

staining paraffin-embedded pancreatic sections from CB1 and CB2 knockout

(KO) mice. After antibody incubation, sections were washed three times with

PBS, incubated in a biotinylated donkey anti-rabbit immunoglobulin G

(Amersham, Little Chalfont, UK) diluted 1 : 500 for 1 h, washed again in

PBS, and incubated in ExtrAvidin peroxidase (Sigma, St Louis, MO, USA)

diluted 1 : 2000 in darkness at room temperature for 1 h. After three

washes in PBS in darkness, we revealed immunolabeling with 0.05% diam-

inobenzidine (Sigma), 0.05% nickel ammonium sulphate and 0.03% H2O2 in

PBS. All steps were carried out by gentle agitation at room temperature.

Sections were dehydrated in ethanol, cleared in xylene and coverslipped with

Eukitt mounting medium (Kindler GmBH and Co., Freiburg, Germany). Digital

high-resolution microphotographs of the samples were taken under the

same conditions of light and brightness ⁄ contrast by an Olympus BX41

microscope equipped with a 10· objective and an Olympus DP70 digital

camera (Olympus Europa GmbH, Hamburg, Germany). Quantification of

immunoreactivity was carried out by measuring densitometry of the images

obtained from each replicate and sample: two replicates per sample, five

samples per group and two groups, using the analysis software IMAGEJ

(National Institute of Health, Bethesda, MD, USA).

Glucose tolerance test (GTT) and plasma determinations

Glucose tolerance was investigated in 12-h fasted, 12-week-old, WT, CB2xP

and CB2 KO mice acutely treated with cannabinoid drugs [the endocannabi-

noid anandamide (AEA), the CB2 specific agonist JWH133 and the CB2 spe-

cific antagonist AM630] and in untreated 12-, 15-, 18- and 24-week-old

mice from WT and CB2xP genotypes. Cannabinoid drugs were i.p. injected

30 min before the GTT. All the drugs were purchased from Tocris (Tocris Bio-

science, Bristol, UK) and diluted in 0.1% dimethylsulphate–5% Tween 80 in

saline. The doses were selected based on previous studies showing changes

in glucose tolerance after these treatments in rats (19, 20). Animals were

moved to the experimental room 30 min before procedure and the GTT was

carried out by injecting an i.p. glucose load of 2 g ⁄ kg body weight (diluted

in saline). Tail blood samples were collected before (0 min) and 5, 10, 15,

30, 60 and 120 min after glucose administration. Glucose was determined

using a commercial glucometer (Accu-check; Roche Diagnostic, Barcelona,

Spain). For measuring plasma hormones, 15- and 24-week-old WT and

CB2xP mice were fasted for 12 h and tail blood samples were collected in

ethylenediaminetetraacetic acid-treated tubes, centrifuged at 2000 g for

10 min at 4 �C, and analysed by enzyme-linked immunosorbent assay kits

for adiponectin (B-Bridge International, Inc., Cupertino, CA, USA), leptin

(B-Bridge International, Inc.), insulin (Mercodia, Uppsala, Sweden), glucagon

(Gentaur Europe BVBA, Brussels, Belgium) and somatostatin (Bachem AG,

Bubendorf, Switzerland) in accordance with the manufacturer’s instructions.
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Glucose and insulin area under the curve (AUC) was calculated from their

corresponding graphs by using IMAGEJ software.

Food intake measurement in 12-h food-deprived mice

Male mice belonging to both genotypes, 10–12 weeks old (n = 8 each geno-

type), were individually housed 2 days before the experiment and fasted for

12 h just before starting the experimental procedure. Food weight was mon-

itored at 30, 60, 120 and 240 min after food presentation and relative to

weight cumulative food intake was calculated.

Quantitative real-time polymerase chain reaction (RT-PCR)

Twelve-week- and 24-week-old WT and CB2xP mice (n = 8 each genotype)

were killed by cervical dislocation. The brains and liver were extracted and

micropunches were obtained from the different brain areas to be analysed,

snap frozen and stored at )80 �C for further analysis. Total RNA was iso-

lated from these areas, using Biozol reagent (bioWORLD, Dublin, OH, USA) in

accordance with the manufacturer’s instructions. RNA was then purified

using the Qiagen RNeasy Mini Kit and treated with DNase I (4 U for each

RT reaction) for 30 min at 25 �C before reverse transcription (Qiagen Inc.,

Valencia, CA, USA). RNA quality was assessed on a 1% agarose gel and by

optical density measurement, with all the samples displaying the 28S and

18S fragments and an A260 ⁄ A280 ratio > 1.8. Total purified RNA (1 lg) was

reversed transcribed into complementary DNA (cDNA) using a transcriptor

reverse transcriptase kit (Roche Applied Science, Indianapolis, IN, USA) in

accordance with the manufacturer’s instructions. Negative control included

RT reactions omitting reverse transcriptase. The obtained cDNA was used as

the template for the quantitative RT-PCR that was performed in an iCycler

system (Bio-Rad, Hercules, CA, USA) using the QuantiTect SYBR Green Mas-

ter (Rox) kit (Roche Diagnostics, Indianapolis, IN, USA). Cycling parameters

were 95 �C for 10 min to activate the HotStart DNA polymerase, then 40

cycles of 95 �C for 15 s, annealing temperature (Table 1) for 40 s, and a

Table 1. Primers Sequences used for Quantifying mRNA Expression in the

Arcuate Nucleus of the Hypothalamus. 6

Gene

symbol

(name)

Oligosense

(5¢ fi 3¢)

Oligoantisense

(5¢ fi 3¢)

GenBank�

accession

number

Product

size

(bp)

Annealing

temperature

(�C)

Gal GAGACCAGGAAGTGTTGATGTG NM_010253.3 250 56.6

GACGATTGGCTTGAGGAGTT

Npy GCTCTGCGACACTACATCAA NM_023456.2 214 54.8

TGGTTTCAGGGGATGAGATG

Pomc CTCCTGCTTCAGACCTCCA NM_008895.3 173 59.8

TTTTCAGTCAGGGGCTGTTC

Cnr2 TGCCCAAAGGAACTAACAGG NM_009924.3 215 54.4

CCTCCCAAACAGCGATTAGA

Pck1 QT00153013a NM_011044.2 93 60.0

G6pc QT00114625a NM_008061.3 99 60.0

H2ab CCGTGCTGGAGTACCTGACG NM_175660.2 234 64.0

ATTACTTCCCCTTGGCCTTG

a QuantiTect Primer Assay (Qiagen Inc.).

Table 2. Mean Relative Expression of CB2 mRNA in CB2xP.

Brain

regions

mRNA over-expression

levels (%)

Statistical test

(Student’s t-test)

Acc 180 t = )4.590, P = 0.001, d.f. = 9

Cg 199 t = )6.125, P < 0.001, d.f. = 9

Amy 64 t = )1.573, P = 0.05, d.f. = 9

Hipp 158 t = )2.464, P = 0.027, d.f. = 14

VMN 126 t = )2.863, P < 0.001, d.f. = 9

ARC 157 t = )2.184, P = 0.05, d.f. = 9

VTA 100 t = 3.876, P = 0.003, d.f. = 10

Twelve-week-old CB2xP mice exhibited significantly increased CB2 receptor

mRNA levels in all the regions analysed compared to wild-type mice. Rela-

tive expression was calculated using the Ct method. Acc, nucleus accum-

bens; Amy, amygdala; ARC, arcuate nucleus of the hypothalamus; Cg,

cingulated cortex; Hipp, hippocampus; VMN, ventromedial nucleus of hypo-

thalamus; VTA, ventral tegmental area.

Table 3. Behavioural Characterisation of CB2xP Versus Wild-Type (WT): Summary of Previously Published Behavioural Characterisation Regarding Anxiety and

Depression in the CB2 Receptor Overexpressing Mice (17, 22).

Test Results

Open field No differences were found between CB2xP and WT mice in the total distance travelled. However, the

central distance travelled increased significantly and the peripheral distance travelled decreased

significantly in CB2xP mice

Light dark box CB2xP mice spent significantly more time in the light box

Elevated plus maze CB2xP mice displayed a significantly increased the time spent in the open arms

Tail suspension CB2xP mice showed significantly less duration of immobility compared to WT

Novelty suppressed feeding (NSFT) CB2xP mice presented a significantly shorter latency and increased consumption of food pellets (g)

compared to WT mice during NSFT

Chronic mild stress (CMS) CMS failed to produce any alteration in the CB2xP mice in the TST 7and sucrose consumption. In

addition, no changes were observed in BDNF gene and protein expression in stressed CB2xP mice

Evaluation of CRF and POMC gene

expressions under basal and restraint

stress conditions

In WT mice, restraint stress markedly increased CRF (82%) and POMC (42%) gene expression in the PVN

and ARC nucleus of the hypothalamus, respectively. By contrast, restraint stress failed to produce any

alteration in CB2xP mice and reduced the increase (22%) in POMC gene expression

Twelve-week-old CB2xP mice displayed no depressive symptoms or anxiogenic-like behaviours. ARC, arcuate nucleus; BDNF, brain-derived neurotrophic factor;

CRF, corticotrophin-releasing factor; POMC, pro-opiomelanocortin; PVN, paraventricular nucleus.
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final extension step of 72 �C for 30 s in which fluorescence was acquired.

Melting curves analyses and 1% agarose gel electrophoresis were performed

to confirm that only a single product was amplified with the expected melt-

ing temperature molecular size. Gene expression was normalised to the

expression of the reference gene histone cluster 1 (H2ab). The primers

(Table 1) were designed based on NCBI database sequences of mouse refer-

ence mRNA and checked for specificity with BLAST software from NCBI web-

site (http://blast.ncbi.nlm.nih.gov/Blast.cgi3 ). Primers for cytosolic

Phosphoenolpyruvate carboxykinase 1 (PEPCK) and glucose-6-phosphatase

(G6Pase) were genome wide, bioinformatically validated primer sets com-

mercially available from Qiagen (QuantiTect Primer Assay QT00114625 and

QT00153013). CB2 receptor (Mm 00438286_m1) gene expression was mea-

sured using Taqman Gene Expression assay (Applied Biosystems, Madrid,

Spain) as a double-stranded DNA-specific fluorescent dye and performed on

the ABI PRISM 7700 Real Time Cycler (Applied Biosystems). The reference

gene used was 18S rRNA, detected using Taqman ribosomal RNA control
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Fig. 1. CB2 receptor expression in the10 hypothalamus of wild-type (WT) and CB2xP mice. Immunohistochemistry of CB2 receptor in the hypothalamus from

12-week-old WT and CB2xP mice (A–D) and mRNA expression in the ventromedial nucleus of the hypothalamus (VMN) and arcuate nucleus (ARC) of WT mice

(G). CB2 protein as well as CB2 mRNA are expressed in the hypothalamus of WT mice (A, C, G). Densitometric analysis of VMN and ARC immunoreactivity (E, F)

showed increased CB2 protein expression in VMN and ARC from CB2xP versus WT mice. (C, D) Higher magnification views of the square areas in (A) and (B),

respectively. Cnr2 gene expression was detected by RNA reverse-transcription (RT) to cDNA and subsequent polymerase amplification with CB2 specific primers.

‘Ctrl’ lane represents CB2 amplification from spleen, a tissue highly expressing CB2 receptor. ‘Neg’ lanes represent CB2 amplification from VMN, ARC and

amygdala RT reactions in which the RT enzyme was omitted (n = 5 mice each genotype). The immunohistochemical images are representative of several slices.

Scale9 bars are included in each image.
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reagents. Briefly, the data for each target gene were normalised to the

endogenous reference gene, and the fold change in target gene abundance

was determined using the 2�DDCt method (21). This quantitative method

involves comparing the Ct values of the samples of interest with a control

or calibrator, such as an untreated sample or RNA from normal tissue. The

Ct values of both the calibrator and the samples of interest were normalised

to an appropriate endogenous housekeeping gene. Gene quantification of

hypothalamic neuropeptides and hepatic enzymes was carried out by using

a standard curve run at the same time as the samples. The standards were

a purified and quantified PCR product, serially diluted. Briefly, purified RNA

from a tissue known to express the target gene was retro-transcribed to

cDNA and PCR-amplified by using specific primers pair. The obtained PCR

product was purified by using a high pure PCR product purification kit

(Roche Diagnostic), quantified by 260 nm absorbance, and serially diluted to

10)6 pg ⁄ ll. An aliquot of the undiluted PCR product was subjected to a 1%

agarose gel electrophoresis to check the fragment size and the absence of

other contaminant fragments. Eight ten-fold dilutions (101 to 10)6 pg ⁄ ll)

were checked for optimal cycling on the iCycler system and five or six of

them were selected for running the standard curve.

Statistical analysis

Data are expressed as the mean � SEM Comparisons were made using a

two-tailed Student’s t-test. P < 0.05 was considered statistically significant.

Statistical analyses were performed using GRAPHPAD PRISM software (GraphPad

Software Inc., San Diego, CA, USA).

Results

Cnr2 mRNA overexpression level and behavioural
characterisation in the CB2xP mice

Table 2 represents relative mRNA expression levels of the Cnr2 gene in

CB2xP mice compared to WT mice in discrete brain regions involved in

different aspects of food intake, including areas involved in the hedo-

nic properties of food. Cnr2 gene is overexpressed in all these brain

regions, with their increasing values ranging from 64% to 199% over
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Fig. 2. Protein expression of cannabinoid CB2 receptor in metabolically-relevant tissues of wild-type and CB2xP mice. Immunohistochemistry and densitomet-

ric analysis of CB2 protein expression in 12-week-old mice showed no difference between the two genotypes in adipose tissue (A, B, inset), liver (C, D, inset)

and muscle (E, F, inset) (n = 5 mice each genotype). Images are representative of several slices. Scale bars are included in each image.
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those of WT mice. These mRNA changes are translated into increased

expression of CB2 protein in the central nervous system (17). Table 3

summarises the main finding regarding behavioural characterisation of

CB2xP in depressive and anxiogenic-like behaviours, conditions that

potentially could influence food intake and glucose levels (17, 22).

Taken together, the results presented in Table 3 show that CB2xP mice

display no depressive symptoms or anxiogenic-like behaviours.

Cannabinoid CB1 and CB2 receptor expression in the
hypothalamus and peripheral metabolically-relevant tissues

To assess putative changes in the expression of cannabinoid recep-

tors in the hypothalamus and metabolically relevant tissues (i.e. adi-

pose tissue, liver, muscle and endocrine pancreas), we performed

immunohistochemistry and subsequent quantification by densitome-

try in sections from paraffin-embedded tissues of both WT and CB2xP

mice. Figure 1 shows that CB2 receptors are expressed in the hypo-

thalamus of WT mice at both the mRNA and protein level (Fig. 1A,C,G).

Indeed, CB2 protein expression is increased in the hypothalamus of

CB2xP versus WT mice. Immunoreactivity quantification of discrete

hypothalamic areas reveals that CB2 protein is overexpressed in both

the ventromedial nucleus of the hypothalamus (VMN) and the ARC.

These data agree with those for mRNA levels (Table 2), suggesting

that mRNA overexpression is translated into protein in the hypothal-

amus. Additionally, CB1 protein expression was unchanged in the

hypothalamus (data not shown). Figure 2 shows no differences of

CB2 protein expression in adipose tissue (Fig. 2A,B and inset), liver

(Fig. 2C,D and inset) and muscle (Fig. 2E,F and inset) between WT and

CB2xP mice. CB1 protein expression was also unchanged in these

peripheral tissues (data not shown). By contrast, Fig. 3 shows a

remarkable and statistically-significant decreased expression of both

CB1 and CB2 receptors in the endocrine pancreas of CB2xP mice.

Effects of cannabinoid drugs on glucose tolerance in WT
and CB2xP mice

To determine whether these changes in pancreatic CB1 and CB2

receptors have a functional impact on glucose homeostasis, the
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mice compared to wild-type mice (n = 5 mice each genotype). Student’s t-test: *P < 0.05. Images are representative of several slices. Scale bars are included
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effects of AEA, an endocannabinoid, JWH133, a specific CB2 agonist

and AM630, a specific CB2 antagonist, were evaluated on glucose

tolerance after an acute glucose overload in both WT and CB2xP

mice. Figure 4 shows that AEA induced glucose intolerance in

CB2xP mice, with significant higher glucose levels than vehicle

group at 15 and 45 min after glucose load (Fig. 4B), whereas there

was a less pronounced effect on WT mice (Fig. 4A). Indeed, we also

assessed the effects of AEA in mice lacking CB2 receptors.

Figure 4(C) shows that AEA induced glucose intolerance in CB2-KO

mice to a similar degree than in CB2xP mice. By contrast, JWH133

induced a moderate increase in glucose tolerance in WT mice, with

significantly lower glucose levels than vehicle at 15 and 120 min

after glucose load. This effect was blunted in CB2xP mice (Fig. 5A,B).

Finally, the CB2 antagonist AM630 induced glucose intolerance in

WT mice, with significantly higher glucose levels than vehicle at

60 min, an effect that was also blunted in CB2xP mice (Fig. 5C,D).

Fasting-induced feeding, weight gain and mRNA levels of
ARC neuropeptides in WT and CB2xP mice

To assess putative changes of CB2xP mice in food intake and body

weight, we measured cumulative food intake in fasted WT and

CB2xP mice. Both groups had eaten the same 30 and 60 min after

food presentation, although a decrease in food intake was evident

at 120 min in CB2xP mice, as well as there being a strong tendency

in the CB2xP mice to decrease food intake at 240 min (Fig. 6A). To

evaluate the long-term effects of this increased sensitivity to sati-

ety in CB2xP, we measured body weight at different ages.

Figure 6(B) shows that, although body weight was similar in both

genotypes at 12 weeks, 18- and 24-week-old CB2xP mice were

leaner than WT mice. We also explored the mRNA levels of some

neuropeptides involved in food intake control in the main hypotha-

lamic area integrating hunger and satiety signals (i.e. the ARC).

Thus, by quantitative RT-PCR, we measured POMC, neuropeptide Y

and galanin. Figure 7 shows that mRNA expression of the anorexi-

genic factor POMC and the orexigenic factor galanin were

decreased in CB2xP compared to WT mice, whereas neuropeptide

(NPY) was unchanged between both genotypes, although showing a

tendency to decrease in CB2xP mice.

Glucose homeostasis and related parameters

Basal glycaemia was measured in fasted WT and CB2xP mice at dif-

ferent ages. Basal glucose was higher in CB2xP than in WT mice at

the three selected ages (Table 4). The glucose handling was investi-

gated at these ages by performing GTT in animals from both geno-

types. Accordingly, fasted WT and CB2xP mice were challenged with

an i.p load of 2 g ⁄ kg glucose and blood glucose was monitored

before and 5, 10, 15, 30, 45, 60 and 120 min after glucose injec-

tion. Figure 8(A) shows that there are no differences between geno-

types in the GTT from 12-week-old mice but, by contrast, CB2xP

mice aged 18 and 24 weeks displayed higher glucose values at

almost all time points compared to WT mice of the same age

(Fig. 8B,C). Quantification of AUC showed that 18- and 24-week-old

CB2xP mice had a strong glucose intolerance (Fig. 8, inserts). We

wanted to know whether this altered glucose tolerance involved

changes in insulin secretion. For that purpose, we measured plasma

insulin at different time points during the GTT in 15-week-old mice

(also displaying glucose intolerance, data not shown). Figure 9(A)

shows decreased insulin levels at 15, 30 and 45 min after glucose

overload in CB2xP mice and, as a consequence, the insulin AUC

was decreased (Fig. 9B). Given that glycaemia in the fasted state is

highly regulated by hepatic glucose output, we also investigated

the mRNA expression of cytosolic PEPCK, an enzyme involved in

gluconeogenesis by converting oxaloacetate into phosphoenolpyr-

uvate, and G6Pase, which catalyses the final step in gluconeogene-

sis, in the liver of 24-week-old WT and CB2xP mice. We could not

detect differences in expression levels of any of these enzymes

between genotypes (data not shown). Finally, to obtain a basic

endocrine panel that could shed light on the metabolic phenotype

displayed by CB2xP mice, we measured plasma levels of the key
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Fig. 4. Glucose tolerance test (GTT) in anandamide (AEA)-pre-treated wild-

type (WT), CB2xP and CB2 knockout (KO) mice. GTT was performed in 12 h

fasted WT, CB2xP and CB2 KO mice (12 weeks old) i.p. pre-treated with the

endocannabinoid AEA, 10 mg ⁄ kg, 30 min before glucose overload (2 g ⁄ kg).

AEA pre-treatment induced higher glucose intolerance in CB2xP (B) and CB2

KO mice (C) compared to WT (A) (n = 8–16 mice each genotype). Student’s

t-test: *P < 0.05, **P < 0.01.
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pancreatic hormones and the adipokines adiponectin and leptin

(the former being an insulin-sensitising hormone and the latter

being a satiety signal) in 24-week-old mice from both genotypes.

Figure 10 shows that only glucagon was affected, with their levels

being decreased in the CB2xP mice.

Discussion

It is well known that the endocannabinoid system, acting through

cannabinoid CB1 receptors, exerts an important control on energy

balance by both central and peripheral mechanisms (1, 23, 24).

Pharmacological activation of cannabinoid CB1 receptors leads to

weight gain by promoting food intake and adipogenesis, and by

decreasing energy expenditure. Accordingly, CB1 blockade promotes

weight loss and lipolysis and increases energy expenditure. The

pharmacological effects of CB1 antagonists on obese mice have

supported the development of a cannabinoid-based therapy for

obesity and related diseases (25, 26). Indeed, rimonabant, a cannab-

inoid CB1 antagonist ⁄ inverse agonist, was marketed for the treat-

ment of obese and overweight people with cardio-metabolic

diseases. However, the reported side effects led to its removal from

the market (27).

Endocannabinoid signalling is also channelled through cannabi-

noid CB2 receptors. These receptors were first described in the

immune system and, indeed, they have been involved in obesity-

associated inflammation (11). Currently, it is known that they are

also expressed in other tissues, controlling diverse physiological

processes. Among others, there is compelling evidence concerning

the expression and function of cannabinoid CB2 receptors in the

brain (13, 28–31). Together with a crucial role in modulating glial

activation in response to nerve injury (15), central CB2 receptors

appear to have an important role in response to stress, anxiety and

depression (17, 22). Given the close relationship between drugs of

abuse and depression, the role of CB2 receptors has also been

explored in alcohol preference, as well as in opioids and cocaine

consumption (32, 33). Furthermore, it has recently been demon-

strated that brain CB2 receptors modulate the rewarding and loco-

motor-stimulating effects of cocaine, probably by engaging a

dopamine-dependent mechanism (34). Interestingly, food and alco-

hol consumption has been investigated in parallel in a study analy-

sing the behavioural effects of CB2 receptor activation. The specific

antagonist AM630 inhibited food intake in C57Bl ⁄ 6 mice, whereas

its effect was opposite after 12 h of food deprivation (35). Similarly,

an association between a Cnr2 polymorphism and eating disorders

has been described, thus suggesting a functional link between CB2

receptors and neural circuits controlling food intake and energy

homeostasis (36). Taken together, these findings support a wider

role of brain cannabinoid CB2 receptors than expected.

With these considerations in mind, we hypothesised that brain

CB2 receptors may have a role in food intake and glucose metabo-

lism. However, given the relatively low abundance of CB2 receptors

in the brain that do not exclude the important role played by this

receptor (31, 34), we decided to test our hypothesis in an animal

model specifically overexpressing CB2 receptors at the central ner-

vous system level. These transgenic mice were generated by using a

murine PrP promoter that is specifically expressed in neurones and
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Fig. 5. Glucose tolerance test10 (GTT) in JWH133- and AM630-pre-treated wild-type (WT) and CB2xP mice. GTT was performed in 12 h fasted WT and CB2xP

mice (12 weeks old) i.p. pre-treated, 30 min before glucose overload (2 g ⁄ kg), with the CB2 agonist JWH133 (A, B) and the CB2 antagonist AM630 (C, D) at the

indicated doses. JWH133 (0.002 mg ⁄ kg) and AM630 (2 mg ⁄ kg) increased and decreased, respectively, glucose tolerance in WT mice (A, C), with both effects

being blunted in CB2xP mice (B, D) (n = 8–10 mice each genotype). Student’s t-test: *P < 0.05, **P < 0.01.
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glial cells (16) and they have been validated and previously used to

investigate the role of brain CB2 receptor in neuropathic pain (15),

neuroprotection (18) and anxiety and depression (17, 37). These

mice showed an increased CB2 mRNA expression of 157% and

126% in the ARC and VMN, respectively (two important hypotha-

lamic regions controlling food intake), and a 100% increase in the

ventral tegmental area, a brain structure related to the pleasant

properties of food (Table 2). Moreover, mRNA analysis and immuno-

histochemistry showed that CB2 receptor is expressed in the hypo-

thalamus of WT mice and, in CB2xP mice, the increased mRNA

levels are translated into overexpressed CB2 protein in the hypotha-

lamic VMN and ARC nucleus. These findings support the presence

of CB2 receptors in the normal hypothalamus, and suggest that its

overexpression could be a valuable tool for gaining new insights

into its hypothalamic functions. However, the main limitation of

this model should be mentioned. CB2xP mice overexpress CB2

receptor throughout the CNS. That means that, despite hypotha-
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Fig. 6. Acute food intake and body weight follow-up in wild-type (WT) and

CB2xP mice. Food intake was measured in 12 h fasted WT and CB2xP mice

(12 weeks old) (A). The results are expressed as cumulative and relative to

body weight food intake. One hundred and twenty minutes after food pre-

sentation, CB2xP mice had eaten less than the WT mice (n = 8 mice each

genotype). Student’s t-test: *P < 0.05. Body weight was measured in 12-,

18- and 24-week-old WT and CB2xP mice (B). Eighteen- and 24-week-old

CB2xP mice weighed less than their age-matched WT mice, whereas there

was no difference between genotypes at 12 weeks (n = 8–9 mice each

genotype). Student’s t-test: *P < 0.05, ***P < 0.001.
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Fig. 7. mRNA expression of relevant neuropeptides in the hypothalamic

arcuate nucleus in wild-type (WT) and CB2xP mice. Gene expression was

measured in the arcuate nucleus of the hypothalamus in 24-week-old WT

and CB2xP mice. Pro-opiomelanocortin (POMC) expression was decreased in

CB2xP mice (A); neuropeptide Y (NPY) expression was unchanged, although

showing a tendency to decrease (B); and galanin expression was decreased

in CB2xP mice (C) (n = 5–7 mice each genotype). Student’s t-test: *P < 0.05.

Table 4. Fasting Glucose Levels in CB2xP Mice in Adulthood.

12 weeks 18 weeks 24 weeks

WT 77.88 � 4.22 76.14 � 4.76 66.44 � 3.70

CB2xP 92.25 � 4.91* 111.43 � 4.18*** 94.78 � 4.38***

Twelve-hour fasted CB2xP mice of 12, 18 and 24 weeks exhibited higher

plasma glucose levels than wild-type (WT) mice. Student’s t-test: *P < 0.05,

***P < 0.001.
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lamic overexpression possibly unmasking its role in the normal

hypothalamus, the overexpression in other brain areas could be a

confounding factor. As such, the results reported in the present

study represent the description of an endophenotype that can pro-

vide us with clues into the role of central CB2 receptors on energy

homeostasis, although additional studies are needed to clearly

establish the role of central CB2 receptors in energy balance.

The present findings show that overexpression of brain CB2

receptors: (i) decreases food intake, eventually leading to a lean

phenotype and (ii) deregulates basal glucose levels, further altering
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Fig. 8. Glucose tolerance test (GTT) in wild-type (WT) and CB2xP mice. GTT was performed in 12-, 18- and 24-week-old WT and CB2xP mice. Animals were

food deprived for 12 h before the experimental procedure. Eighteen- and 24-week-old CB2xP mice showed glucose intolerance compared to their correspond-

ing age-matched WT mice (B, C), whereas there was no difference at 12 weeks between both genotypes (A). The area under the curve was calculated for each

age, displaying no significant changes between genotypes at 12 weeks (A, insert), and a statistically significant increase in CB2xP mice at 18 and 24 weeks (B,

C, inserts) (n = 8 mice each genotype). Student’s t-test: *P < 0.05, **P < 0.01 and ***P < 0.001.
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glucose homeostasis, with CB2xP mice showing chronic hyperglyca-

emia and glucose intolerance.

Regarding food intake, young food-deprived CB2xP animals

(12 weeks old) ate less than their corresponding WT at 120 min

after food presentation, suggesting that central CB2 overexpression

changes sensitivity to hunger ⁄ satiety signals. This effect could not

be the result of decreased locomotor activity, given that we could

not find any difference in the total distance travelled during the

open field test between both genotypes. Additionally, increased anx-

iety or depression leading to hypophagia in the CB2xP animals can

also be discarded because CB2xP mice showed anxiolitic-like behav-

iours in a set of behavioural test such as the light dark box, ele-

vated plus maze, tail suspension and novelty suppressed feeding,

among others.

This acute finding in food intake was not correlated with body

weight changes at this age but CB2xP mice eventually developed a

lean phenotype, with their weights being statistically lower than

those of WT mice at 18 and 24 weeks. Taken together, these find-

ings suggest that the lean phenotype in CB2xP mice is a long-term

consequence of the hypophagia shown at previous stages. These

data fit well with a previous study showing that mice lacking CB2

receptors display increased body weight associated with increased

food intake (12). Interestingly, these findings in CB2) ⁄ ) mice were

also age-dependent, with 8-week-old mice not displaying changes

in body weight, whereas 6- and 12-month-old mice did. Accord-

ingly, increased food intake was found that eventually led to an

obese phenotype (12).

The decreased body weight in older CB2xP mice (18 and 24 weeks

old) correlated with alterations in the mRNA levels of hypothalamic

neuropeptides in 24-week-old CB2xP mice, with the anorexigenic

peptide POMC and the orexigenic peptides galanin and NPY being

decreased in the ARC. Thus, these genomic changes could potentially

participate in the decreased food intake displayed by CB2xP mice,

eventually impacting on body weight. However, in the present study,

it is not possible to estimate the relative contribution of each of these

genomic changes to the output hypothalamic signal in CB2xP mice.

Although the decrease in POMC would contribute to increase food

intake, the decrease in galanin and NPY would contribute to decrease

it. Taken together, these results suggest that the central overexpres-

sion of CB2 receptors, including the hypothalamic overexpression

described in the present study, alters the expression of hypothalamic

neuropeptides involved in food intake, although the precise anatomi-

cal localisation of the CB2 receptors involved in this effect, the num-

ber of neuropeptides involved and the mechanisms underlying this

interaction deserve more investigation. Thus, hypothalamic CB2

receptors could be involved in cannabinoid-mediated modulation of

food intake. In the present study, we report that CB2 receptor is

expressed in the VMN and ARC nucleus of the hypothalamus and it is

known that cannabinoid CB1 receptors are expressed in GABAergic

fibres entering the ARC, being capable of modulating GABA release

onto POMC neurones (38). Similarly, pharmacological blockade of CB1

receptors by both rimonabant and AM251 has been reported to

decrease NPY expression in the ARC (39, 40).

CB2xP mice displayed higher basal glucose levels than WT at all

the ages tested, suggesting a role for central cannabinoid CB2

receptors in adjusting basal glucose concentrations. Intriguingly, the

expression of CB1 and CB2 receptors in the endocrine pancreas, an

anatomical position in which cannabinoid receptor has been sug-

gested to play a role in glucose homeostasis (9, 20), was also

altered in CB2xP mice, with their levels being decreased in mice

centrally overexpressing this receptor. By contrast, there was no

difference in the expression of CB1 and CB2 receptors in the liver,

skeletal muscle and adipose tissue. This finding suggests an ability

of glucose to modulate the expression of cannabinoid receptors in

the endocrine pancreas, something that has been previously

described in vitro for pancreatic CB1 receptors (41). Indeed, it

strengthens the notion that cannabinoid receptors play an impor-

tant role in islet physiology, as suggested previously (9). Previous

studies have reported that CB1 agonism increases glucose intoler-

ance, whereas CB1 antagonism decreases it (19). The effect of CB2

specific drugs was just the opposite, with CB2 agonism increasing

glucose tolerance and CB2 antagonism decreasing it (20). Based on

these findings, we attempted to pharmacologically dissect out the

functional relevance of the cannabinoid receptor changes detected

in CB2xP mice. For that purpose, we performed GTT on mice pre-

treated with cannabinoid drugs. AEA, which targets both CB1 and

CB2 receptors, as well as vanilloid receptors, altered glucose

homeostasis in CB2xP mice to a higher degree than in WT mice.
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Fig. 9. Insulin plasma levels during the glucose tolerance test (GTT) in wild-

type (WT) and CB2xP mice. GTT was performed in fasted 15-week-old WT

and CB2xP mice. Tail blood samples were collected at the indicated time

points and insulin plasma levels were measured by an enzyme-linked immu-

nosorbent assay. Insulin plasma levels were lower in CB2xP than in WT mice

at all time points checked after glucose overload (A). Insulin area under the

curve (AUC) was accordingly lower in CB2xP versus WT mice (B) (n = 9–10

mice each genotype). Student’s t-test: *P < 0.05 and **P < 0.01.
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The CB2 down-regulation in islets of CB2xP mice could, at least

partially, have a role in the AEA-induced glucose intolerance in

CB2xP mice because CB2 KO mice also displayed a higher glucose

intolerance than WT mice. Indeed, it is unlikely that pancreatic CB1

down-regulation is involved in this process because specific CB1

antagonism has been reported to increase glucose tolerance (19),

and activation of vanilloid receptors has been reported to increase

insulin secretion (42). Moreover, the CB2 agonist, JWH133, and the

CB2 antagonist, AM630, decreased and increased, respectively, glu-

cose values at certain time points in WT mice (20). Interestingly,

these changes were missing in CB2xP mice, suggesting a functional

role of CB2 receptors in these pharmacological effects. Taken

together, these findings suggest that decreased pancreatic expres-

sion of cannabinoid receptors in CB2xP mice is functionally relevant.

Despite the higher basal glucose level displayed by 12-week-old

CB2xP mice, they did not show the glucose intolerance that was

eventually developed, even with the concomitant development of a

lean phenotype with no changes in the plasma levels of important

metabolic hormones such as adiponectin, leptin or insulin. The lack

of hyperleptinaemia and hyperinsulinaemia in 24-week-old CB2xP

mice suggests that glucose intolerance in CB2xP mice is not related

to leptin and insulin resistance. However, the higher glucose levels

0

2000

4000

6000

8000

10000

WT CB2xP

A
d
ip

o
n
e
ct

in
 (
n
g
/m

l)

Adiponectin

0

500

1000

1500

2000

2500

3000

WT CB2xP

Le
p
ti
n
 (
p
g
/m

l)

Leptin(A) (B)

WT CB2xP WT CB2xP
0

0.2

0.4

0.6

0.8

1

1.2

In
su

lin
 (
µ
g
/l
)

Insulin

0

50

100

150

200

250

300

350

G
lu

ca
g
o
n
 (
p
g
/m

l)

Glucagon

*

(C) (D)

(E)

CB2xP
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

WT

S
o
m

a
to

st
a
ti
n
 (
n
g
/m

l)

Somatostatin

24-week-old mice
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measured in plasma samples from 12-h fasted WT and CB2xP mice (24 weeks). All these hormones were present at similar concentrations in both genotypes

except glucagon, which showed decreased values in CB2xP mice (n = 8 mice each genotype). Student’s t-test: *P < 0.05. 5
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in the presence of the same levels of basal insulin suggest some

kind of insulin insensitivity and ⁄ or a defect in a proper insulin

secretion. Indeed, in the present study, we detected a defective

insulin response in CB2xP mice after an acute glucose challenge,

which suggests that alterations in glucose-induced pancreatic

response are more related to the CB2xP glucose intolerance than

decreased insulin sensitivity. However, a partial contribution of

changes in insulin sensitivity cannot be ruled out. Interestingly, a

previous study showed that CB2 receptor deficiency improves insulin

sensitivity, with 12-month-old mice not developing insulin resistance

and showing enhanced insulin-stimulated glucose uptake (12).

Regarding pancreatic hormones changes in CB2xP mice, we only

detected a decrease in plasma glucagon levels compared to WT

mice, whereas both insulin and somatostatin remained unchanged.

Glucagon mobilises glucose from the liver and it has been reported

to decrease food intake and increase energy expenditure (43). Thus,

the decreased glucagon levels in the plasma of CB2xP mice cannot

be the cause of the basal hyperglycaemia and ⁄ or the decreased

food intake, although it may represent a compensatory mechanism

aimed at partially counteracting the chronic increase of the basal

glucose levels. Given that CB2 receptor activation has been reported

to reduce the frequency of low-glucose-induced [Ca2+]i oscillations

in isolated islets of Langerhans from mice (44), it is feasible that

there is a link between decreased glucagon levels and decreased

CB2 expression in the endocrine pancreas. However, the lower glu-

cagon levels are not likely to be a direct consequence of decreased

CB2 expression in the endocrine pancreas, given that less signalling

through CB2 receptors would result in increased glucagon secretion

(44). By contrast, CB2 decreased expression could reflect a glucose-

induced down-regulation of this receptor.

In conclusion, we have described the metabolic phenotype of

mice centrally overexpressing CB2 receptors, with this overexpres-

sion leading to decreased food intake and body weight, increased

basal glucose levels and, eventually, a lean phenotype with glucose

intolerance. This paradoxical phenotype, which is strikingly similar

to that of Asian populations (i.e. showing a lower body mass index

and a higher incidence of type 2 diabetes), correlates with changes

in the mRNA level of important hypothalamic neuropeptides,

changes in the expression of cannabinoid receptors in the endo-

crine pancreas, altered sensitivity to cannabinoid-mediated modula-

tion of glucose homeostasis and decreased plasma glucagon levels.

However, there were no changes in basal plasma levels of impor-

tant hormones such as adiponectin, leptin and insulin. Taken

together, these results suggest a role for central cannabinoid CB2

receptors in modulating food intake, body weight and glucose

homeostasis.
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1. Replace (Ins) Tool Î for replacing text. 

 

Strikes a line through text and opens up a text 

box where replacement text can be entered. 

How to use it 

‚ Highlight a word or sentence. 

‚ Click on the Replace (Ins) icon in the Annotations 

section. 

‚ Type the replacement text into the blue box that 

appears. 

This will open up a panel down the right side of the document. The majority of 

tools you will use for annotating your proof will be in the Annotations section, 

rkevwtgf"qrrqukvg0"YgÓxg"rkemgf"qwv"uqog"qh"vjgug"vqqnu"dgnqy< 
 

2. Strikethrough (Del) Tool Î for deleting text. 

 

Strikes a red line through text that is to be 

deleted. 

How to use it 

‚ Highlight a word or sentence. 

‚ Click on the Strikethrough (Del) icon in the 

Annotations section. 

 

 

 

3. Add note to text Tool Î for highlighting a section 

to be changed to bold or italic. 

 

Highlights text in yellow and opens up a text 

box where comments can be entered. 

How to use it 

‚ Highlight the relevant section of text. 

‚ Click on the Add note to text icon in the 

Annotations section. 

‚ Type instruction on what should be changed 

regarding the text into the yellow box that 

appears. 

4. Add sticky note Tool Î for making notes at 

specific points in the text. 

 

Marks a point in the proof where a comment 

needs to be highlighted. 

How to use it 

‚ Click on the Add sticky note icon in the 

Annotations section. 

‚ Click at the point in the proof where the comment 

should be inserted. 

‚ Type the comment into the yellow box that 

appears. 

 

http://get.adobe.com/reader/


 

USING e-ANNOTATION TOOLS FOR ELECTRONIC PROOF CORRECTION  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For further information on how to annotate proofs, click on the Help menu to reveal a list of further options: 

5. Attach File Tool Î for inserting large amounts of 

text or replacement figures. 

 

Inserts an icon linking to the attached file in the 

appropriate pace in the text. 

How to use it 

‚ Click on the Attach File icon in the Annotations 

section. 

‚ Enkem"qp"vjg"rtqqh"vq"yjgtg"{qwÓf"nkmg"vjg"cvvcejgf"
file to be linked. 

‚ Select the file to be attached from your computer 

or network. 

‚ Select the colour and type of icon that will appear 

in the proof. Click OK. 

6. Add stamp Tool Î for approving a proof if no 

corrections are required. 

 

Inserts a selected stamp onto an appropriate 

place in the proof. 

How to use it 

‚ Click on the Add stamp icon in the Annotations 

section. 

‚ Select the stamp you want to use. (The Approved 

stamp is usually available directly in the menu that 

appears). 

‚ Enkem"qp"vjg"rtqqh"yjgtg"{qwÓf"nkmg"vjg"uvcor"vq"
appear. (Where a proof is to be approved as it is, 

this would normally be on the first page). 

7. Drawing Markups Tools Î for drawing shapes, lines and freeform 

annotations on proofs and commenting on these marks. 

Allows shapes, lines and freeform annotations to be drawn on proofs and for 

comment to be made on these marks.. 

 

How to use it 

‚ Click on one of the shapes in the Drawing 

Markups section. 

‚ Click on the proof at the relevant point and 

draw the selected shape with the cursor. 

‚ To add a comment to the drawn shape, 

move the cursor over the shape until an 

arrowhead appears. 

‚ Double click on the shape and type any 

text in the red box that appears. 




